Background--We hypothesized that the functional effects of R206L-a rat analog of the dilated cardiomyopathy (DCM) mutation R205L in human cardiac troponin T (TnT)-were differently modulated by myosin heavy chain (MHC) isoforms and T204E, a protein kinase C (PKC) phosphomimic of TnT. Our hypothesis was based on two observations: (1) a-and b-MHC differentially influence the functional effects of TnT; and (2) PKC isoforms capable of phosphorylating TnT are upregulated in failing human hearts.
D
ilated cardiomyopathy (DCM) is a pathological condition of the heart characterized by systolic dysfunction and ventricular dilation. 1, 2 Causes of DCM include heritable mutations found in sarcomeric proteins, such as cardiac troponin T (TnT). 1, 3, 4 It is still unclear how such DCM-linked mutations in TnT influence the molecular mechanisms that lead to contractile dysfunction and eventually heart failure. Our study focused on two reasons that limit our understanding: First, the functional effects of DCM mutations have mostly been studied using transgenic mice that express amyosin heavy chain (MHC), whereas the human heart predominantly expresses b-MHC. Because a-and b-MHC differentially influence the functional effects of TnT, as demonstrated by an ever-increasing number of studies, [5] [6] [7] [8] [9] [10] it is imperative that studies are carried out against the relevant MHC background to meaningfully evaluate the functional implications of DCMlinked mutations in human TnT. Second, complications arising from DCM-linked pathology may not only be dependent on the primary dysfunction caused by the mutation, but also on changes in post-translational modifications (PTMs). 11, 12 In this regard, we chose to focus on one PTM and its link to DCMmediated contractile dysfunction and pathogenesis. Specifically, we chose the protein kinase C (PKC)-mediated phosphorylation of TnT because PKC isoforms (a, bII, e, d, and f) that phosphorylate TnT (residues T195, S199, T204, S276, and T285 in rat TnT) [13] [14] [15] are upregulated in failing human hearts. 16, 17 Moreover, several studies have demonstrated that in vitro PKCmediated phosphorylation of TnT results in attenuated contractile function (for review, see Streng et al. 18 ), as observed in failing hearts.
DCM-related mutations in general have been shown to cause mild-to-moderate decrease in myofilament Ca 2+ sensitivity and, in some cases, maximal tension. 3, 19 Therefore, it is hard to understand how such mild effects can result in a variable pathogenesis that ranges from an asymptomatic phenotype to sudden cardiac death. 1, 4 In some cases, the clinical expression of the disease is age dependent, 4 similar to pathology-linked cellular mechanisms, such as regulation of various PKC isoforms. 17, 20 This leads us to an interesting point raised by Towbin and Solaro, 21 who alluded to the possibility that the functional effects of DCM-linked mutations could be exacerbated by PKC-mediated phosphorylation of adjacent residues. Therefore, a novel aspect of our study was to investigate whether PKC-mediated phosphorylation of TnT modulated the functional effects of R205L, a DCM mutation in human TnT linked to sudden cardiac death. 1 To emulate the effects of PKC-mediated phosphorylation of TnT, we used a PKC phosphomimic, where glutamate replaces threonine 204 in the rat TnT (T204E). Previously, threonine 204 was identified as the functionally critical residue for the effects of PKCmediated phosphorylation of TnT. 14 Interestingly, the PKC phosphomimic, T204E, and the DCM mutation, R206L (rat analog of human R205L), are both located in the H1-helix of TnT (residues 203-221 in rat TnT), a domain of both structural 22, 23 and functional relevance. 6, 24 The structural relevance of the H1-helix of TnT is highlighted by its pivotal position between the core and tail domain of Tn 22 and also its direct interaction with tropomyosin. 23 The functional relevance of the H1-helix of
TnT is demonstrated during thin-filament activation; Ca 2+ -mediated structural changes in the troponin (Tn) core are transmitted to the Tn tail domain and Tm by the H1-helix of TnT. Moreover, the H1-helix of TnT modulates Ca 2+ binding to TnC 24, 25 and cross-bridge (XB) cycling kinetics. 5, 6, 26 Inferences based on the interplay between H1-helix of TnT-and XBmediated effects on the thin filament 5, 6, 24 and the proximity of T204E and R206L to each other led to our hypothesis: The modulatory influence of T204E on R206L-mediated effects are differently affected by a-and b-MHC isoforms. We tested our hypothesis by generating the following recombinant rat TnT variants: wild-type (WT); R206L; T204E (previously published 6 ); and R206L+T204E. Recombinant TnT variants were reconstituted into detergent-skinned cardiac papillary muscle fibers taken from normal rats (expressing a-MHC) and propylthiouracil (PTU)-treated rats (expressing b-MHC). Steady-state and dynamic measurements were made on these reconstituted fibers. Our findings provide a molecular basis for the relatively severe effects of R206L against the a-MHC background and a subtle cardiac contractile phenotype against the b-MHC background. Moreover, our study may implicate the involvement of PTMs as additional factors that exacerbate the DCM-linked contractile dysfunction of the heart in some individuals.
Materials and Methods

Ethical Approval and Animal Treatment Protocols
Animals used in this study were treated in accord with the established guidelines approved by the Washington State University Institutional Animal Care and Use Committee. We used %4-month-old male Sprague-Dawley rats, which were divided into 2 groups: The first group consisted of normal rats (n=8) that expressed predominantly a-MHC in their ventricles, whereas the second group consisted of PTU-treated rats (n=6) that expressed b-MHC. PTU treatment lasted %4.5 weeks; rats were on water containing 0.2 g of PTU/liter (L) and a solid diet containing 0.15% PTU (Harlan Laboratories, Madison, WI). Rats were handled gently to minimize pain in strict compliance with the guidelines of the National Academy of Sciences Guide for the Care and Use of Laboratory animals.
Preparation of Detergent-Skinned Cardiac Muscle Fiber Bundles
We prepared detergent-skinned cardiac papillary muscle fibers, as previously described. 6 In brief, rats were deeply anaesthetized by an inhalation overdose of isoflourane. Hearts from the anesthetized rats were rapidly excised and placed into an ice-cold high relaxing 
Preparation of Left Ventricular Protein Samples
We prepared left ventricular protein samples, as previously described. 6, 9 In brief, rat hearts were flash frozen in liquid nitrogen and thoroughly pulverized using a pestle and mortar. Pulverized tissue was then resuspended in a protein extraction buffer (10 lL/mg of tissue) that contained: 2.5% SDS; 10% glycerol; 50 mmol/L Tris base (pH 6.8 at 4°C); 1 mmol/ L of DTT, 1 mmol/L of PMSF; 4 mmol/L of benzamidine-HCl; and protease inhibitors (E-64, leupeptin, and bestatin). A "Tissue Tearor" (model 985370-395; BioSpec Products, Inc., Bartlesville, OK) was used to further homogenize the resuspended tissue, followed by sonication in a water bath at 4°C, and finally centrifuged at 6708g. Supernatant from the aboveprepared protein samples were run on a large 4% SDS gel and stained with Bio-Safe Coomassie blue G-250 (Bio-Rad Laboratories, Inc., Hercules, CA) to compare levels of MHC isoforms between normal and PTU-treated rat hearts.
Expression and Purification of Recombinant Rat Cardiac Tn Subunits
Recombinant c-myc tagged WT rat TnT, c-myc tagged R206L mutant TnT (R206L), c-myc tagged R206L+T204E mutant TnT (R206L+T204E), rat cardiac troponin I (TnI), and rat cardiac troponin C (TnC) were all cloned into a pSBETa vector (GenScript USA, Inc., Piscataway Township, NJ) and expressed in BL21*DE3 cells (Novagen, Madison, WI). 27 BL21*DE3 cells were transformed with the respective TnT-variant plasmid (WT, R206L, and R206L+T204E), cultured overnight, spun down, and sonicated in the extraction buffer, which contained 50 mmol/L of Tris base (pH 8.0 at 4°C), 6 mol/L of urea, 5 mmol/L of EDTA, and a cocktail of protease inhibitors, such as 0.2 mmol/ L of PMSF, 5 mmol/L of benzamidine-HCl, 10 lmol/L of leupeptin, 1 lmol/L of pepstatin, 5 lmol/L of bestatin, 2 lmol/L of E-64, and 1 mmol/L of DTT. The sonicated preparation was centrifuged to pellet out the insoluble cellular particulates, and the supernatant was used for the ammonium sulfate fractionation procedure. The pellet from 70% ammonium sulfate fractionation was dissolved in 50 mmol/L of Tris base (pH 8.0 at 4°C), 6 mol/L of urea, 0.5 mmol/L of EDTA, 0.4 mmol/L of PMSF, 5 mmol/L of benzamidine-HCl, 0.01% NaN 3 , and 1 mmol/L of DTT and then purified by ion-exchange chromatography on a DEAE-fast sepharose column (GE Healthcare Biosciences, Pittsburgh, PA). TnT variants were eluted with a 0-to 1-mol/L NaCl gradient. TnC and TnI were purified as described previously. 28, 29 All eluted protein fractions were run on a 12.5% SDS gel to determine their purity. Pure protein fractions were pooled and dialyzed extensively against deionized water containing 15 mmol/L of b-mercaptoethanol, lyophilized, and stored at À80°C.
Reconstitution of Recombinant Rat Cardiac Tn Into Demembranated Rat Cardiac Muscle Fibers
We reconstituted recombinant Tn into demembranated rat cardiac muscle fibers, as described previously. 27 In brief, we used an extraction buffer containing TnT (WT or R206L or R206L+T204E; 0.9 mg/mL, w/v) and TnI (1.0 mg/mL, w/v) to replace the endogenous Tn complex by the law of mass action. This was followed by washing the treated muscle fibers twice using buffer 4 for 10 minutes at room temperature and incubating them with TnC (3.0 mg/mL, w/v) at 4°C to complete the reconstitution procedure. We used the following nomenclature to denote the various groups of fibers based on the MHC isoform background and the TnT variant present in exogenous Tn complex: Detergent-skinned a-MHC and b-MHC fibers reconstituted with c-myc TnT+TnI+TnC are referred to as "a-MHC+WT" and "b-MHC+WT," respectively. Similarly, a-MHC and b-MHC fibers reconstituted with c-myc R206L+TnI+TnC are referred to as "a-MHC+R206L" and "b-MHC+R206L," respectively. Finally, a-MHC and b-MHC fibers reconstituted with c-myc R206L+T204E+TnI+TnC are referred to as "a-MHC+R206L+T204E" and "b-MHC+R206L+T204E," respectively. a-MHC+WT and b-MHC+WT were used as controls in the respective groups.
Western Blot Analysis of the Reconstituted Fibers
The extent of removal of the endogenous Tn by the exogenous Tn complex was assessed by the differential migration pattern of c-myc-tagged TnT, when compared to endogenous TnT. 30 Muscle fibers were first solubilized by incubating in a muscle protein extraction buffer (%5 lL per fiber) for an hour at 4°C. 
Steady-State Isometric Tension and ATPase Activity
Isometric steady-state tension and ATPase activity were estimated as described previously. 27, [31] [32] [33] In brief, aluminum clips were used to hang the fiber between a motor arm (322C; Aurora Scientific, Inc., Aurora, Ontario, Canada) and a force transducer (AE 801; Sensor One Technologies Corp., Sausalito, CA). The sarcomere length (SL) of the muscle fiber was set to 2.3 lm using a He-Ne laser diffraction pattern, as described previously. 27 After 2 cycles of maximal activation and relaxation, if deemed necessary, the SL was readjusted. The muscle fiber was then activated by lowering it in a constantly stirred chamber containing Ca 2+ solutions. The concentration of the Ca ] free ), and their compositions were calculated using methods described previously. 34 The ; and 10 PEP. Activation and relaxing solutions also contained 0.5 mg/mL of pyruvate kinase (%350 U/mg; 151999; MP Biomedicals, Santa Ana, CA), 0.05 mg/mL of lactate dehydrogenase (%700-1200 U/mg; L1254; SigmaAldrich), 20 lmol/L of diadenosine pentaphosphate, 10 lmol/ L of oligomycin, and a cocktail of protease inhibitors. The ionic strength was 180 mmol/L, and the pH was adjusted to 7.0. Ca
2+
-activated steady-state tensions were recorded on a computer. Ca 2+ -activated steady-state ATPase activity was measured according to a protocol described previously. 27, 31, 32 In brief, near-UV light was projected through the muscle chamber, split (50:50) using a beam splitter, and detected at 400 nm (insensitive to changes in NADH) and 340 nm (sensitive to changes in NADH). ATPase activity was measured using the following enzyme-coupled assay: ATP regeneration from ADP was coupled to the breakdown of PEP to ATP and pyruvate catalyzed by pyruvate kinase, which was, in turn, coupled to the synthesis of lactate catalyzed by lactate dehydrogenase.
Breakdown of NADH was proportional to the amount of ATP utilized by cycling XBs and was measured by changes in UV absorbance at 340 nm. The signal for NADH breakdown was calibrated by multiple injections of 250 pmol of ADP. All measurements were made at 20°C.
Muscle Fiber Mechano-Dynamics
Ca 2+ -activated muscle fibers were subjected to step-like length perturbations in the order of AE0.5%, AE1.0%, AE1.5%, and AE2.0% of the initial muscle length (ML), as described previously. 35 The resultant force responses were used to fit a nonlinear recruitment distortion (NLRD) model in order to estimate model parameters such as: the magnitude of the instantaneous muscle fiber stiffness attributed to a sudden change in ML (E D ); the rate at which the strain of distorted XBs rapidly dissipates after a change in ML (c); the rate at which new force-generating XBs are recruited because of a change in ML (b); and the magnitude of an increase in muscle fiber stiffness attributed to the ML-mediated recruitment of new XBs (E R ).
The following describes the various model parameters and their physiological relevance:
1 Phase 1: In response to a sudden increase in ML ( Figure 1A) , the instantaneous increase in force, from F ss to F 1 ( Figure 1B ), denotes phase 1. Two reasons underlie the instantaneous increase in force: (1) the rapid distortion of the elastic elements in the strongly bound XBs; and (2) the change in ML (DL) is much faster than the recruitment of new XBs. Therefore, E D , which is estimated as the slope of the relationship between (ΔF=F 1 ÀF ss ) and DL, is an approximation of the number of strongly bound XBs. 35 Thus, an augmentation of E D is indicative of an increase in the number of strongly bound XBs, whereas an attenuation of E D is indicative of a decrease in the number of strongly bound XBs. 2 Phase 2: This refers to the rapid decline in force to a minimum (nadir; Figure 1B ), as the fiber is held at the new ML ( Figure 1A ). As suddenly stretched XBs detach, force declines rapidly. Previous studies have indicated that the dynamic rate at which the force decays (c) is an index of XB detachment rate. 27, 35, 36 3 Phase 3: This refers to the steady rise in force ( Figure 1B ), after the change in ML ( Figure 1A ). The change in ML leads to recruitment of additional XBs. Force rises at a dynamic rate (b) to a new steady-state level ( Figure 1B ). 4 F nss : The steady rise in force (Phase 3) eventually levels off to a new steady state (F nss ). The magnitude of force increase, from F ss to F nss , is proportional to the recruitment of additional force-bearing XBs. Therefore, E R , which is estimated as the slope of the relationship between (F nss ÀF ss ) and DL, is the magnitude of the ML-mediated recruitment of new force-bearing XBs.
Measurement of Rate of Tension Redevelopment (k tr )
We estimated k tr using a modified version of the protocol 32, 37 originally described by Brenner and Eisenberg. 38 A maximally Ca 2+ -activated fiber, on reaching isometric steady-state tension, was slackened by 10% of the initial ML using a high-speed length-control device (322C; Aurora Scientific, Inc., Aurora, Ontario, Canada). After a brief shortening period of 25 ms, the motor arm was commanded to stretch the fiber by 10% of the original ML to ensure detachment of any residual XBs. k tr was determined by fitting the following monoexponential equation to the force redevelopment.
where F(t) is the force at time t, F ss is the steady-state isometric force, and F res is the residual force from which the redevelopment of force occurs.
Statistical Analysis
Two-way ANOVA was used to analyze the steady-state and dynamic parameters because there were 2 experimental factors: MHC isoform (a-MHC and b-MHC) and TnT variants (WT, R206L, T204E, and R206L+T204E). A significant interaction effect suggested that the functional effects of TnT variants were differently affected by a-and b-MHC isoforms. When the interaction effect was not significant, we interpreted the main effects attributed to the TnT variants. To test the functional impact of the TnT variants on various contractile parameters, post-hoc multiple comparisons were made using Fisher's uncorrected least significant differences (LSD) method. Data from an earlier study on T204E-mediated effects 6 was included in the 2-way ANOVA because we wanted to isolate the individual effects of T204E and R206L, while investigating the functional effects of R206L+T204E. To elaborate, when post-hoc multiple comparisons revealed that R206L+T204E was significantly different from WT, then we compared whether R206L+T204E was also significantly different from T204E. To ensure that valid comparisons can be made with the previously published T204E data 6 and our current data, we maintained identical experimental conditions (treatment of animals, cardiac tissue extraction procedures, reconstitution procedures, the same batch of solutions, and other experimental conditions) in both studies. Because comparable amounts of exogenous TnT variants were incorporated into the detergent-skinned fibers in both studies, it also confirmed that the experimental conditions were similar. pCa 50 
Results
PTU Treatment Causes the MHC Isoform to Shift From a-to b-MHC in Rat Hearts
We and others have demonstrated that PTU treatment causes the MHC isoform to shift completely from a-to b-MHC, without having any significant impact on the level of expression of other myofilament proteins. 6, [39] [40] [41] Figure 2A demonstrates that PTU treatment leads to 100% b-MHC in PTU-treated rat hearts. amplitude (+2%) step-like length perturbation of a maximally Ca 2+ -activated rat cardiac muscle fiber. A family of force responses to step-like length perturbations of various magnitudes were fit using the nonlinear recruitment distortion (NLRD) model to estimate several parameters, as described earlier. 35 A, Representative length trace of a maximally activated muscle fiber subjected to a 2% steplike increase in the initial muscle length (ML). B, The corresponding force response of an a-MHC+WT fiber normalized to isometric steady-state force (F ss ), just before the stretch. The different phases from which the respective NLRD parameters were estimated are highlighted; please refer to the Materials and Methods for details on the NLRD parameters and their physiological relevance. a-MHC, alpha myosin heavy chain; WT, wild type.
Western Blot Analysis of Reconstituted a-and b-MHC Fibers
Western blot analysis was used to quantify the extent of incorporation of the exogenous Tn complex in the reconstituted fibers, as described in Materials and Methods. The following values from 3 gels are reported as meanAESEM. The extent of incorporation in a-MHC fibers was as follows: 75AE2% in WT (lane 2 of Figure 2B ); 74AE2% in R206L (lane 3 of Figure 2B ); and 72AE4% in R206L+T204E (lane 4 of Figure 2B ). In b-MHC fibers, the extent of incorporation was as follows: 72AE3% in WT (lane 5 of Figure 2B ); 71AE6% in R206L (lane 6 of Figure 2B ); and 66AE8% in R206L+T204E (lane 7 of Figure 2B ). Figure 3A) . Subsequent post-hoc tests (multiple pair-wise comparisons) were carried out to identify the factors that were responsible for the interaction effect. In a-MHC fibers, R206L attenuated Ca 2+ -activated maximal tension by %32% (P<0.001), while T204E and R206L+T204E attenuated tension by %63% (P<0.001) and %64% (P<0.001), respectively ( Figure 3A ). In agreement with our observations, previous studies have demonstrated that R206L 19 and the PKC phosphomimic of TnT (T204E) 14 attenuate tension. What is interesting to note is that although R206L attenuates tension by itself in a-MHC fibers, it has no additive effect on the influence of T204E on tension in a-MHC+R206L+T204E fibers. On the other hand, in b-MHC fibers, R206L did not alter Ca 2+ -activated maximal tension ( Figure 3A) , whereas T204E and R206L+T204E attenuated tension by %33% (P<0.001) and %40% (P<0.001), respectively ( Figure 3A ). These observations reveal 3 interesting effects of b-MHC: (1) It abolished the attenuating effect of R206L on tension; (2) it minimized the attenuating effects of T204E and R206L+T204E on tension; and (3) it facilitated R206L+T204E to exacerbate the T204E-mediated attenuation in tension by %11% (P<0.05; Figure 3A ). This suggests that the interplay between b-MHC-, R206L-, and T204E-mediated effects on the thin filament exacerbated the attenuation in tension. in ATPase rate by %33% (P<0.001). Thus, our observations suggest an interplay between the b-MHC-, R206L-, and T204E-mediated effects on the thin filament, as observed in the tension experiments. An exception to this is that attenuation of ATPase activity was disproportionate to tension in a-MHC+R206L and b-MHC+R206L fibers, suggesting that R206L slows XB detachment kinetics.
Effects of a-and b-MHC
a-and b-MHC isoforms have different impact on how the TnT variants (R206L, T204E, or R206L+T204E) alter Ca 2+ -activated maximal tension (
Effects of a-and b-MHC Isoforms on the R206L-and R206L+T204E-Mediated Impact on E D
We estimated E D to determine whether the number of forcebearing XBs were altered by the interplay between the MHC isoform-and TnT variant-mediated effects on the thin filaments.
As we have demonstrated previously, E D is an approximation of the number of force-bearing XBs, 35, 37 and it was estimated as described in Materials and Methods. Two-way ANOVA of E D revealed that the interaction effect was significant (P<0.05), indicating that a-and b-MHC had differential impact on how TnT variants altered E D . Post-hoc multiple pair-wise comparisons were carried out to determine the factors responsible for the interaction effect. In a-MHC fibers, R206L attenuated E D by %17% (P<0.01), while T204E and R206L+T204E attenuated E D by %48% (P<0.001) and %41% (P<0.001), respectively (Figure 3B) . In b-MHC fibers, R206L did not alter E D (Figure 3B ), but T204E and R206L+T204E attenuated E D by %21% (P<0.001) and %32% (P<0.001), respectively ( Figure 3B ). Thus, just as we observed in tension experiments, b-MHC has 3 interesting effects: (1) It abolished the attenuating effects of R206L on the number of force-bearing XBs; (2) it minimized the attenuating effect of T204E and R206L+T204E on the number of forcebearing XBs ( Figure 3B ); and (3) it facilitated R206L+T204E to exacerbate the T204E-mediated attenuation in E D by %14% (P<0.05; Figure 3B ). These observations provide substantiating experimental evidence for the differential effects of a-and b-MHC on the R206L-and R206L+T204E-mediated effects on Ca 2+ -activated maximal tension.
Effects of a-and b-MHC Isoforms on the R206L-and R206L+T204E-Mediated Impact on Myofilament Ca 2+ Sensitivity
To investigate the impact of the interplay between the MHC isoform-and TnT variant-mediated effects on myofilament Ca 2+ sensitivity, we estimated pCa 50 by fitting the Hill equation to the normalized pCa-tension data ( Figure 4A and 4B). Two-way ANOVA revealed no significant interaction effect, indicating that a-and b-MHC did not have differential impact on how the TnT variants altered pCa 50 ( Figure 4C ). The main effect of TnT variants on pCa 50 was significant (P<0.001); therefore, in order to determine which of the TnT variants caused this main effect, post-hoc multiple pair-wise comparisons were carried out. In a-MHC fibers, R206L, T204E, and R206L+T204E significantly decreased pCa 50 by %0.08 pCa units (P<0.001), %0.31 pCa units (P<0.001), and %0.33 pCa units (P<0.001), respectively ( Figure 4C ). In b- MHC fibers, R206L, T204E, and R206L+T204E significantly decreased pCa 50 by %0.05 pCa units (P<0.05), %0.27 pCa units (P<0.001), and %0.25 pCa units (P<0.001), respectively ( Figure 4C ). Thus, regardless of the type of MHC isoform present, myofilament Ca 2+ sensitivity was modestly attenuated by R206L and greatly attenuated by T204E. It is interesting to note that, except myofilament Ca 2+ sensitivity, all other contractile parameters that were affected by either R206L or T204E were further modulated differently by a-and b-MHC isoforms. These observations suggest that the R206L-and T204E-mediated effects on myofilament Ca 2+ sensitivity are acting independent of the molecular pathway that mediates interplay between the TnT-and MHC isoformmediated effects on the thin filament.
Effects of a-and b-MHC Isoforms on the R206L-and R206L+T204E-Mediated Impact on Myofilament Cooperativity
To investigate whether an interplay between the MHC isoformand TnT variant-mediated effects influenced myofilament cooperativity, we estimated n H by fitting the Hill equation to the normalized pCa-tension data ( Figure 4A and 4B). Two-way ANOVA of n H revealed no significant interaction effect, but the main effect of the TnT variants on n H was significant (P<0.01; Figure 5A ). To determine which of the TnT variants caused this main effect, post-hoc multiple pair-wise comparisons were carried out. None of the TnT variants altered n H in a-MHC fibers.
In b-MHC fibers, n H was also not altered by R206L or T204E alone; however, R206L+T204E decreased n H by %19% (P<0.01; Figure 5A ) in b-MHC fibers relative to WT and by %17% (P<0.01; Figure 5A ) relative to T204E. Thus, these observations demonstrate that the cumulative effect of T204E and R206L on n H is differentially altered by a-and b-MHC isoforms. Moreover, the interplay between b-MHC-, T204E-, and R206L-mediated effects on myofilament cooperativity could offer insights into how b-MHC+R206L+T204E exacerbated b-MHC+T204E-mediated attenuation in tension.
Effects of a-and b-MHC Isoforms on the R206L-and R206L+T204E-Mediated Impact on E R To determine whether the influences of the MHC isoform-and TnT variant-mediated effects on myofilament cooperativity also impacted length-dependent activation (LDA) of the cardiac myofilament, we estimated E R . E R is the magnitude of the ML-mediated recruitment of new XBs, and it was estimated as described in Materials and Methods. Two-way ANOVA revealed that the interaction effect was not significant, but the main effect of the TnT variants on E R was significant (P<0.05). Post-hoc multiple pair-wise comparisons revealed that none of the TnT variants affected E R in a-MHC fibers. In b-MHC fibers, E R was also not affected by R206L or T204E alone; however, R206L+T204E decreased E R by %28% (P<0.01; Figure 5B ) relative to WT and by %21% (P<0.05; Figure 5B ) relative to T204E. Thus, our E R estimates demonstrate that LDA of the cardiac myofilament is blunted by the cumulative effects of b-MHC, R206L, and T204E on the thin filament. A similar trend in n H ( Figure 5A ) suggests that the R206L+T204E-mediated effects on E R are mediated by cooperative processes that modulate the interplay between the TnT-and MHC-mediated effects. 
Effects of a-and b-MHC Isoforms on the R206L-and R206L+T204E-Mediated Impact on XB Detachment Dynamics
We wanted to test whether the R206L-and T204E-mediated impact on the thin filament manifested as changes in XB cycling kinetics and whether such effects were differentially altered by a-and b-MHC isoforms. We determined XB detachment rate (g) by estimating tension cost and the rate of XB distortion dynamics (c). Tension cost was estimated as the slope of the ATPase-tension relationship, as described previously. 6, 27 According to the 2-state model, 43 tension cost is correlated to g because the ratio of ATPase utilization rate (fg/f+g) to tension (f/f+g) is proportional to g, where f and g are XB attachment and detachment rates, respectively. Two-way ANOVA of tension cost revealed that the interaction effect was significant (P<0.01), demonstrating differential effects of aand b-MHC isoforms on how TnT variants altered tension cost. Post-hoc multiple pair-wise comparisons revealed the following: in a-MHC fibers, R206L, T204E, and R206L+T204E decreased tension cost by %19% (P<0.001), %15% (P<0.001), and %16% (P<0.001), respectively ( Figure 6A ). In b-MHC fibers, T204E did not alter tension cost, but R206L and R206L+T204E decreased tension cost by %26% (P<0.01) and %24% (P<0.01), respectively ( Figure 6A ). There was a modest, but significant, decrease in g in a-MHC+T204E, but that effect is abolished in b-MHC+T204E. Another important observation from our tension cost measurements is that R206L slows g in both a-and b-MHC fibers, regardless of the influence of T204E. To corroborate our conclusions from tension cost measurements, we measured XB distortion dynamics, c, as described in Materials and Methods. c represents the rate of detachment of strained XBs, and it was estimated as the rate at which a sudden stretch-induced increase in force decays to a minimum ( Figure 1B) . 35 Previously, it has been demonstrated that c is an index of g and there is a strong correlation between c and tension cost. 36 Two-way ANOVA of c revealed that the interaction effect between the MHC isoforms and TnT variants was significant (P<0.001). Post-hoc multiple pair-wise comparisons revealed information that is similar to what we observed in the tension cost measurements. In a-MHC fibers, R206L, T204E, and R206L+T204E decreased c significantly by %21% (P<0.001), %33% (P<0.001), and %42% (P<0.001), respectively ( Figure 6B ). In b-MHC fibers, although none of the TnT variants affected c, the %22% (P=0.051) and %21% (P=0.053) decrease in c by R206L and R206L+T204E, respectively, were close to being significant ( Figure 6B ). Qualitatively, these observations are similar to what we observed in tension cost experiments, because g decreases in a-MHC+T204E fibers, but that effect is abolished in b-MHC+T204E fibers.
Here, again, our data suggest that R206L slows g in both a-and b-MHC fibers, regardless of the influence of T204E. Our observation on the slowing effect of R206L on g is in agreement with an earlier study that tested the effects of R206L against the a-MHC background using in vitro motility assay.
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Effects of a-and b-MHC Isoforms on the R206L-and R206L+T204E-Mediated Impact on XB Recruitment Dynamics
To test whether the R206L-and R206L+T204E-mediated effects on XB recruitment dynamics were differentially Figure 5 . Effects of a-and b-MHC isoforms on the R206L-and R206L+T204E-mediated impact on n H and E R . Both parameters were estimated as described in the Materials and Methods. Bar graphs showing the differential impacts of TnT variants on (A) n H and (B) E R in a-and b-MHC fibers. Data were analyzed using 2-way ANOVA, and subsequent post-hoc multiple pair-wise comparisons were made using Fisher's LSD method. Asterisks indicate a statistically significant result when compared to respective control fibers (*P<0.05; **P<0.01). Fibers from 3 normal and 3 PTU-treated rat hearts were used for investigating each of the TnT variants in this study. modulated by a-and b-MHC isoforms, we estimated 2 rate constants that are associated with tension redevelopment (k tr ) and XB recruitment dynamics (b). k tr denotes the rate constant of recruitment of XBs from the non-force-bearing to force-bearing state and was estimated using a large slackrestretch ML maneuver ( Figure 7A and 7B) . b represents the rate constant of delayed recruitment of additional XBs from the steady-state to new steady state and was estimated using a small, step-like ML change (Figure 1 ). Two-way ANOVA of k tr revealed a significant interaction effect between MHC isoforms and TnT variants (P<0.001), demonstrating a differential impact of a-and b-MHC isoforms on how the TnT variants affected k tr . Post-hoc multiple pair-wise comparisons revealed the following: In a-MHC fibers, T204E attenuated k tr by %35% in (P<0.001; Figure 7C ), but it was unaffected by R206L and R206L+T204E. It is interesting to note that R206L negated the attenuating effect of T204E on k tr because of the cumulative effect of R206L+T204E in a-MHC fibers (Figure 7C) . In b-MHC fibers, k tr was not altered by any of the TnT variants. Our observations from k tr experiments were substantiated by our estimates of b, which showed a similar trend. Two-way ANOVA of b revealed a significant interaction effect (P<0.001) between MHC isoforms and the TnT variants. Post-hoc multiple pair-wise comparisons revealed that T204E decreased b by %27% in a-MHC fibers (P<0.001; Figure 7D ), but not in b-MHC fibers. In both a-and b-MHC fibers, b was unaffected by R206L and R206L+T204E. Conclusions drawn from these 2 independent experiments show that although R206L does not alter XB recruitment dynamics by itself, it abolishes the attenuating effects of T204E on XB recruitment dynamics, regardless of the MHC isoform.
Discussion
We have recently demonstrated that the interplay between the PKC phosphomimic of TnT (T204E)-and MHC isoformmediated effects bring about different functional states of cardiac thin filaments. 6 Interestingly, T204E and a DCM-linked TnT mutation (R206L) are adjacent to each other, within the H1-helix of TnT. Therefore, we posited that the effect of R206L is also altered differentially by MHC isoforms and that such effects are further modulated by T204E. For the very first time (to our knowledge), we have demonstrated that the contractile dysfunction arising from a DCM-linked TnT mutation (R206L) is not only modulated differently by a-and b-MHC, but may also be exacerbated by a PTM of TnT.
b-MHC, but Not a-MHC, Has a Negating Effect on Attenuation of Tension Mediated by R206L and T204E
A major finding was that a-and b-MHC isoforms differently affected the R206L-mediated impact on Ca 2+ -activated Figure 6 . Effects of a-and b-MHC isoforms on the R206L-and R206L+T204E-mediated impact on tension cost and c. Both parameters were estimated as described previously. 6 Bar graphs showing the differential impacts of TnT variants on (A) tension cost and (B) c in a-and b-MHC fibers. Data were analyzed using 2-way ANOVA, and subsequent post-hoc multiple pair-wise comparisons were made using Fisher's LSD method. Asterisks indicate a statistically significant result when compared to respective control fibers (**P<0.01; ***P<0.001; NS). Fibers from 3 normal and 3 PTU-treated rat hearts were used for investigating each of the TnT variants in this study. maximal tension. To elaborate, R206L attenuated the Ca 2+ -activated maximal tension in a-MHC fibers, but had no effect in b-MHC fibers ( Figure 3A) . Observations made by 2 earlier studies suggested that R206L attenuated thin-filament activation by decreasing the binding affinity of Ca 2+ to TnC. 24, 25 A decrease in the binding of Ca 2+ to TnC is expected to attenuate the level of activation of RUs (Tn-Tm), resulting in fewer force-bearing XBs. This postulation was substantiated by our E D estimates, which demonstrated that the number of force-bearing XBs was decreased in a-MHC+R206L fibers, but not in b-MHC+R206L fibers ( Figure 3B ). Mechanistic insights into how b-MHC abolished the negative effects of R206L may be gained by considering the slower XB cycling kinetics of b-MHC. 6, 9 The slower cycling b-MHC is expected to augment cooperative mechanisms in the thin filament because of its longer XB dwell time in the strongly bound state.
In the presence of T204E, the Ca 2+ -activated maximal tension decreased in both a-MHC+R206L+T204E and b-MHC+R206L+T204E fibers ( Figure 3A) . Here, again, we observe that b-MHC counters the negative effect of T204E on thin-filament activation, although not completely. To provide a rational explanation for why b-MHC fails to completely negate the inhibitory effect of R206L+T204E, we must first consider the individual effects of R206L and T204E on activation. The magnitude of inhibition of activation is much more pronounced with T204E than R206L, suggesting that both TnT variants affect thin filament activation by different molecular mechanisms. As explained earlier, R206L may decrease binding of Ca 2+ to TnC, thereby attenuating RU activation. On the other hand, T204E may alter TnC-TnI interactions to attenuate the spread of the Ca 2+ -mediated signal from the Tn core domain to the tail domain and Tm. 14 Based on these observations, we Figure 4C ); and (2) the magnitude of attenuation of tension is greater in b-MHC+R206L+T204E fibers (%40%; P<0.001) versus b-MHC+R206L fibers (%4%; statistically insignificant; Figure 3A ). In addition to the negating effects of b-MHC on attenuation of tension by R206L and T204E, our tension estimates led us to another interesting observation. While there was no difference between tensions of a-MHC+T204E and a-MHC+R206L+T204E fibers, tensions of b-MHC+R206L+T204E fibers were %11% lower than b-MHC+T204E fibers ( Figure 3A ). These observations suggest that interplay between the effects mediated by b-MHC, R206L, and T204E exacerbates the attenuation in tension, although b-MHC counteracts the attenuation of tension mediated by either R206L or T204E. Although the myofilament Ca 2+ sensitivity decreases to a similar extent in b-MHC+T204E and b-MHC+R206L+T204E fibers ( Figure 4C ), the attenuation of tension is greater in b-MHC+R206L+T204E fibers ( Figure 3A ). Significant decreases in n H suggests that myofilament cooperativity is attenuated in b-MHC+R206L+T204E fibers ( Figure 5A ). Therefore, we posit that the greater attenuation of tension in b-MHC+R206L+T204E fibers results from the attenuated myofilament Ca 2+ sensitivity ( Figure 4C ) and cooperativity ( Figure 5A ).
R206L-Mediated Effects on XB Cycling Kinetics are Independent of the Effects Mediated by MHC Isoforms and T204E
R206L decreased the rate of XB detachment (g), as indicated by the decrease in tension cost ( Figure 6A ) and c ( Figure 6B ) in both a-and b-MHC fibers, with and without T204E. Two interesting points to highlight in Figure 6A and 6B are as follows: (1) T204E attenuates g in a-MHC+T204E fibers, but b-MHC negates the attenuating effect of T204E on g in b-MHC+T204E fibers; and (2) R206L over-rides the influence of b-MHC on g, in b-MHC+R206L and b-MHC+R206L+T204E fibers, to exert its negative effect on g. Collectively, these observations suggest that R206L and T204E exert their influence on g by different molecular pathways that interact differently with aand b-MHC-mediated effects in the thin filament. R206L did not alter XB turnover kinetics because both k tr ( Figure 7C ) and b ( Figure 7D ) were unaffected in a-and b-MHC fibers. This was quite surprising, given the attenuating effect of R206L on g (Figure 6 ). Generally, a decrease in g alone could attenuate k tr because in a simple 2-state model, k tr %f+g, where f and g represent the rates of XB attachment and detachment, respectively. 45 However, our data showed that both k tr and b remained unaltered, suggesting a discrepancy between our observations on g and the XB recruitment rates. However, this apparent discrepancy may be resolved by considering that f plays a much greater influence than g on k tr 46,47 ; therefore, a slight decrease in g need not result in a decrease in k tr . Two other important observations to note from our estimates of XB recruitment dynamics are: (1) T204E decreased both k tr ( Figure 7C ) and b ( Figure 7D ) in a-MHC+T204E fibers, but not in b-MHC+T204E fibers, demonstrating that b-MHC over-rides the influence of T204E on XB recruitment dynamics; and (2) in a-MHC+T204E+R206L fibers, both k tr ( Figure 7C ) and b ( Figure 7D ) were unaltered, which suggests that R206L negates the attenuating effect of T204E on XB turnover rates in a-MHC fibers. This finding also suggests different modes of mechanisms for R206L and T204E on XB cycling kinetics.
Interplay Between b-MHC-, T204E-, and R206L-Mediated Effects on the Thin Filament Impairs LDA
Another interesting observation from our study was that E R , an index of LDA, 35, 48, 49 was attenuated only in b-MHC+R206L+T204E fibers ( Figure 5B ). In order to understand how an interplay between b-MHC-, T204E-, and R206L-mediated effects on the thin filament impairs LDA, we consider the 2 factors implicated in its regulation: the extent of Ca 2+ -mediated activation of the myofilament before the stretch and the cooperative recruitment of force-bearing XBs after the stretch. 48, 50 Our data suggests that myofilament activation before the stretch was attenuated, because maximal tension was decreased in b-MHC+R206L+T204E fibers ( Figure 3A) . It is also likely that cooperative processes mediating recruitment of XBs are impaired because n H was also decreased in b-MHC+R206L+T204E fibers ( Figure 5A ). Therefore, we reason that the collective effects of R206L and T204E blunt mechanisms that underlie LDA in b-MHC fibers by attenuating cooperative processes involved in activation of the myofilament.
Summary and Conclusion
The R206L-mediated effects on Ca 2+ -activated tension in a-MHC fibers suggest a relatively severe effect on the cardiac phenotype, rather than a subtle phenotype that we observed in b-MHC fibers. Attenuated Ca 2+ sensitivity-as we observed in b-MHC fibers-has been previously linked to decrease in ejection fraction, elevated ventricular volume, increase in preload, chronic stretching of the muscle, and dilation of ventricles. 2, 8 The relatively severe effects on tension in a-MHC fibers is likely to affect the human heart more prominently during the neonatal stages 51, 52 ; however, the available clinical data on humans reveals a different story. 1 For instance, severity among the affected individuals varied significantly. For example, the proband received a cardiac transplant at the age of 16 years, but her younger sister died of cardiac failure at the age of 20 years. Their mother, who was also affected with DCM, was alive at age 48 years, whereas the maternal grandmother succumbed to an inexplicably sudden death at age 24 years. Collectively, these observations are strongly suggestive of 2 important points: (1) Cardiac functional abnormality in humans is unlikely to be as severe as the studies on a-MHC fibers suggest; and (2) varied severity among individuals suggests the involvement of other additional factors that exacerbate the progression of disease in some individuals. One such additional factor could be the PKC-mediated phosphorylation of myofilament targets, such as TnT (T204E), because several PKC isoforms are upregulated in failing human hearts. 16, 17 While this remains to be substantiated in humans, 18 2 independent rodent studies have shown an increased phosphorylation of TnT residue T204, during cardiac pathology: (1) transgenic mice carrying K210D, a DCM-linked TnT deletion mutation 12 and (2) congestive heart failure rat models. 53 In this regard, our tension estimates suggest that the PKC-mediated phosphorylation of TnT could lead to an exacerbated systolic dysfunction in human patients carrying the R206L mutation. Our E R estimates also suggest that, because of impaired LDA in such patients, the heart would be unable to match the cardiac output to changes in hemodynamic demands. Because our studies were carried out under conditions that mimicked a fully phosphorylated state of myofilaments, it is possible that the outcome may differ when the level of TnT phosphorylation varies under physiological conditions. Whereas this intriguing possibility remains to be addressed in future studies, our study offers substantial evidence for the interplay between R206L-and TnT phosphorylation-mediated effects on contractile function.
